Intravital fluorescence microscopy (IVM) is a powerful technique for imaging multiple organs, including the brain of living mice and rats. It enables the direct visualisation of cells in situ providing a real-life view of biological processes that in vitro systems cannot. In addition, to the technological advances in microscopy over the last decade, there have been supporting innovations in data storage and analytical packages that enable the visualisation and analysis of large data sets. Here, we review the advantages and limitations of techniques predominantly used for brain IVM, including thinned skull windows, open skull cortical windows, and a miniaturised optical system based on microendoscopic probes that can be inserted into deep tissues. Further, we explore the relevance of these techniques for the field of parasitology. Several protozoan infections are associated with neurological symptoms including Plasmodium spp., Toxoplasma spp., and Trypanosoma spp. IVM has led to crucial findings on these parasite species, which are discussed in detail in this review.
| IMAGING THE BRAIN
Multiple surgical and optical techniques have been developed to access the brain for intravital fluorescence microscopy (IVM). These differ in multiple factors including the degree of surgical complexity such as invasiveness and optical characteristics such as achievable penetration depth, light scattering, and resolution ( Figure 1 ). Although some techniques enable imaging through the intact scalp and skull, such as photoacoustic imaging, in this review, we will focus on those requiring surgical intervention and using optical windows (summarised in Table 1 ).
The least invasive method is transcranial imaging, which consists in the surgical removal of the scalp only, while the skull is left intact.
However, this technique presents some disadvantages, as the cranium's thickness and its optical properties result in light scattering, light attenuation, and shading (Helm, Ottersen, & Nase, 2009 ) all of which affect penetration depth and resolution of recorded images. To overcome this caveat, in vivo three-photon imaging has been explored as a method, which achieves improved resolution over two-photon methods, due to reduced out-of-focus light and reduced scattering.
Three-photon imaging has already enabled visualisation of the vasculature and calcium dynamics through the intact skull of adult mice, at over 500 μm of depth and at relatively high speed (Wang et al., 2018) . Although three-photon imaging has not been used in parasitology, it certainly holds significant potential. For all subsequent techniques involving surgical manipulation of the cranium and brain, such as thin-skulled or opened skull cranial windows, a key consideration is that changes in intracranial pressure negatively affect brain structure and function. Therefore, access to the brain for imaging must ensure as little damage to the cranium as possible.
Thinned-skull cranial windows ( Figure 1a ) were introduced as a minimally invasive method, which avoids exposure of the meninges and overcomes the need of immunosuppression and anti-inflammatory drug administration required in open-skull imaging, allowing imaging of the living brain with minimal perturbations immediately after surgery (Yang, Pan, Parkhurst, Grutzendler, & Gan, 2010) . This technique allows for the imaging of the cortical meninges and dura mater, which are immunologically important sites during infection and potential entry points for pathogens that invade the brain parenchyma (Coles, Myburgh, Brewer, & McMenamin, 2017; Coles, Stewart-Hutchinson, Myburgh, & Brewer, 2017) . The skull's thickness is critical for image quality and requires significant surgical practice using a drill or microsurgical blade for the thinning procedure. Non-uniform skull thickness has FIGURE 1 Optical windows for brain intravital microscopy. (a) Thinned skull cranial windows allow preservation of the meninges. They require the use of a drill or microsurgical blade to reduce the skull's thickness and enable visualising the brain at depth without significant light scattering. (b) Closed cranial windows involve the removal of a small skull disc, sealing with an imaging chamber, and preservation of the dura mater. (c) Open skull windows involve the removal of a small skull disc, providing direct access to the brain, with or without preservation of the dura mater. (d) Microendoscopic devices are miniaturised optical systems based on gradient refractive index lenses, which can be inserted into the brain with minimal invasiveness been reported to result in spherical aberrations and reduced twophoton excitation of fluorescent structures inside the cortex (Helm et al., 2009) . Furthermore, excessive thinning of the skull may result in cortical trauma and inflammation, which could induce confounder effects in the brain cortex. In a nonreinforced window, skull rethinning is required every 2-3 days, and multiple rethinning sessions may eventually result in deterioration of the skull's optical properties hindering imaging of brain structures altogether (Yang et al., 2010) . Despite its surgical limitations, the thinned-skull cranial window is a widely used technique that enables visualisation of fluorescent structures up to 300-to 400-μm depth within the cortex (Davalos et al., 2005; Grutzendler, Kasthuri, & Gan, 2002; Tsai, Grutzendler, Duff, & Gan, 2004; Zuo, Lin, Chang, & Gan, 2005; Zuo, Yang, Kwon, & Gan, 2005) and has included observations ranging from cerebral vasculature (Yoder & Kleinfeld, 2002) to synaptic connections (Grutzendler et al., 2002; Tsai et al., 2004; Wu et al., 2009; Xu, Pan, Yang, & Gan, 2007; Zhang & Murphy, 2007; Zuo, Lin, Chang, & Gan, 2005; Zuo, Yang, Kwon, & Gan, 2005) . Methods to avoid the problems imposed by skull regrowth include the generation of polished and re-enforced thinned skull windows (PoRTS) whereby following thinning, the skull is overlaid with a fusion of transparent cement and glass, to form a clear window ( Figure 1b ). This results in increased rigidity, prevents skull regrowth, and reduces light scattering resulting from thinned skull irregularities (Drew et al., 2010; Shih, Driscoll, et al., 2012; Shih, Mateo, Drew, Tsai, & Kleinfeld, 2012) . Altogether, this method circumvents the need to constantly rethin the skull, while avoiding complete exposure of the cortex and its potential link to inflammation.
A more invasive technique requires the creation of an open or acute skull cortical window (Figure 1c ) allowing the visualisation of the brain cortex following a craniotomy (Villringer et al., 1989) . Using this method, the section of the skull that is removed can either be replaced with an agarose plug (Svoboda, Denk, Kleinfeld, & Tank, 1997) or irrigated with saline or artificial cerebral spinal fluid sealed with a glass coverslip. Various studies published using this method and the thinned skull window control for motion due to cardiac and respiratory rhythms by immobilising the animal either using a stereotaxic frame during imaging or adhering the coverslip to the microscope stage (Adam & Mizrahi, 2011; Barnstedt, Keating, Weissenberger, King, & Dahmen, 2015; Brown, Munn, Fukumura, & Jain, 2010; Mostany & Portera-Cailliau, 2008; Ricard & Debarbieux, 2014; Voziyanov, Kemp, Dressel, Ponder, & Murray, 2016) . Another novel development with enormous potential for longitudinal studies is a miniaturised fluorescence microscope, which can be integrated to the cranium of the animal and weighs only under an open skull window approach requires the administration of anti-inflammatory and antibiotic drugs until healing is observed (Hofer, Mrsic-Flogel, Bonhoeffer, & Hubener, 2009; A. J. Holtmaat et al., 2005;  A. Holtmaat et al., 2009; A. Holtmaat, Wilbrecht, Knott, Welker, & Svoboda, 2006; Keck et al., 2008; Spires et al., 2005; Svoboda et al., 1997; Trachtenberg et al., 2002) .
Bleeding and inflammation can be further reduced by leaving the dura matter intact, but this prevents observation of the pial vasculature (Lacerda-Queiroz et al., 2010; Nacer et al., 2012) . Multiple studies using an open cranial window are performed under terminal anaesthesia, yet little is known about the potential confounding effects of terminal anaesthesia on haemodynamics and pathology (see Cao & Abe, 2014 for anaesthesia considerations). There is evidence that some anaesthetics may induce apoptosis (Dabbagh & Rajaei, 2013) and alter neuronal activity (Franks & Ruxton, 2008; Thrane et al., 2012) and blood flow (Drew, Shih, & Kleinfeld, 2011; Summers, Taylor, & Shih, 2014) . These , 1997) . Essentially, the procedure is the same as for an open cranial window but with recovery after surgery and cementing of the glass coverslip with dental acrylic and glue Cabrales, Zanini, Meays, Frangos, & Carvalho, 2010) . Post-operative care by provisions of antibiotics and anti-inflammatories Hofer et al., 2009; A. J. Holtmaat et al., 2005; A. Holtmaat et al., 2006; A. Holtmaat et al., 2009; Keck et al., 2008; Spires et al., 2005; Trachtenberg et al., 2002) enables full recovery from surgery prior to subsequent experimental procedures (Zanini, Cabrales, Barkho, Frangos, & Carvalho, 2011) . This method enables long-term imaging (weeks to months) of the same area of the brain before and after experimental procedures such as infection with parasites .
Although the above methods overcome optical limitations imposed by the presence of the cranium, they limit imaging to the surface of the brain readily accessible by the objective. A revolutionary advance in IVM in general and brain IVM in particular was the development of microendoscopic devices (Barretto & Schnitzer, 2012 ; Figure 1d ). These are miniaturised optical systems based on gradient refractive index (GRIN) lenses that can be inserted into the brain in a minimally invasive fashion. The basis of GRIN lenses is the use of a negative gradient in the refractive index of glass from the centre of the lens to the outside edge, to bend and focus light. Using these lenses, it is possible to perform oneor two-photon microscopy. Microendoscopy has made possible imaging at micron-scale resolution of brain structures up to centimetres deep beyond the surface of the cortex such as the hippocampus, the thalamus, or the striatum. Although one-photon microendoscopy allows imaging at high acquisition speed, two-photon microendoscopy is capable of providing optical sectioning deeper within the brain (Jung & Schnitzer, 2003; Jung, Mehta, Aksay, Stepnoski, & Schnitzer, 2004; Knittel, Schnieder, Buess, Messerschmidt, & Possner, 2001; Levene, Dombeck, Kasischke, Molloy, & Webb, 2004; Rouse & Gmitro, 2000; Sabharwal, Rouse, Donaldson, Hopkins, & Gmitro, 1999 ). Other contrast modalities compatible with microendoscopy in addition to laser scanning and two photons include wide-field epifluorescence and second-harmonic generation fluorescence Flusberg, Jung, Cocker, Anderson, & Schnitzer, 2005) . Imaging of deeper subcortical regions was also recently achieved by a 350-μm side-view GRIN endoscope, which has the possibility of translational and rotational scanning, giving imaging access to the entire brain (Kim, Choi, & Yun, 2011) .
| IMAGING PARASITES IN THE BRAIN
A major interest towards the brain in parasitology comes from hostpathogen interactions at the blood-brain barrier (BBB). Among the functional roles of the BBB, one of the most important is to protect the brain from microorganisms circulating in the peripheral blood.
Although many microorganisms have the potential of crossing the BBB, only a small fraction do so and cause pathology (e.g., Trypanosoma spp.). In addition to the mechanism of BBB traversal, another pivotal field of study for brain immunology is how the host immune system controls the pathogens upon invasion of the brain.
Here, we discuss how IVM studies have contributed to shaping current paradigms in infection and pathology, in the fields of malaria, sleeping sickness, and toxoplasmosis research.
| Plasmodium spp.
Plasmodium unlike Trypanosoma spp. and Toxplasma spp. causes neurological symptoms including oedema, microhaemorrhages, and encephalopathy without invasion of the brain. Sequestration of Plasmodiuminfected red blood cells in the brain vasculature has been proposed to be central to the pathologic progression of human cerebral malaria (HCM; reviewed by Ghazanfari, Mueller, & Heath, 2018) .
Just under a decade ago, an opinion paper by N. J. White, Turner, Medana, Dondorp, & Day (2010) questioning the validity and increased use of murine models for studies on cerebral malaria prompted a debate of the value of these models and "forced" researchers working with these to (re)examine the relevance of animal models for understanding human pathology in general and HCM in particular (e.g., Carvalho, 2010; Craig et al., 2012; Franke-Fayard, Fonager, Braks, Khan, & Janse, 2010; Renia, Gruner, & Snounou, 2010; Riley et al., 2010) . Coincidentally, the adoption of IVM to look at brain pathology in experimental cerebral malaria (ECM) was making a breakthrough as the technique became more readily accessible Lacerda-Queiroz et al., 2010; Sun et al., 2003; Zanini et al., 2011) . These studies showed in the living brain how murine malaria-infected red blood cells interacted with the cortical vasculature.
They also documented changes in blood flow, occlusion of blood vessels, the accumulation of platelets and leucocytes, and the movement of immune cells in mice with ECM Cabrales et al., , 2013 Cabrales, Zanini, Meays, Frangos, & Carvalho, 2011; Lacerda-Queiroz et al., 2010 Nacer et al., 2012 Nacer et al., , 2014 . Nacer et al., 2012) . Despite leucocyte recruitment in P. yoelii-infected mice and high parasitaemia (~80%), no neurological signs or BBB disruption was observed (Nacer et al., 2012) . Furthermore, loss of BBB permeability was found to occur before onset of neurological signs in mice that developed ECM (Nacer et al., 2012) . T cells in ECM pathology and provide new insights on the mechanism that lead to oedema and brainstem herniation (Swanson et al., 2016) .
Altogether, IVM has contributed to understanding haemodynamic changes involved in ECM, including recruitment of activated leucocytes, which severely restricts circulation in the brain resulting in vascular leakage, oedema, and intracranial hypertension and finally brainstem herniation and death Swanson et al., 2016) . This latter pathological finding is consistent with multiple observations in human cases of cerebral malaria. An important consideration is that pathology observed during HCM or ECM is not confined to the brain. We envisage that IVM studies examining changes in other tissues and organs during ECM may shed light on the systematic alterations and aetiology of this complication.
| Trypanosoma brucei
Human AfricanTrypanosomiasis ( Brain infection generally occurs at the choroid plexus and circumventricular organs, where the BBB is highly permeable (Schultzberg, Ambatsis, Samuelsson, Kristensson, & van Meirvenne, 1988) . It was recently established that parasite neuroinvasion occurs by transmigration of the BBB and that lymphocyte recruitment to the brain paves the way to this event (Kristensson et al., 2010) . Nevertheless, various unanswered questions arising from these studies included the route and mechanisms of parasite invasion, the timing of neuroinvasion, and the mechanisms of immunopathology contributing to the second stage of HAT. Initial animal work suggested that entry of parasites into the choroid plexus and circumventricular organs occurred shortly after initial infection with Trypanosoma brucei but entry into the brain parenchyma only occurred days to weeks after infection. Conversely, in vitro work showed that T. brucei bloodstream forms could enter (Nikolskaia, Kim, Kovbasnjuk, Kim, & Grab, 2006) and cross human brain microvascular endothelial cells without causing significant injury (Grab et al., 2004) . IVM was used to investigate the earliest timing of invasion of the murine brain by T. brucei In addition to these dynamics, an interesting discussion initiated by this study was the relevance of the specific location of lymphocytes and trypanosomes within the meninges, in the dura. Anatomical characterization of the brain shows that the meninges are made up of two compartments, namely, the dura and the leptomeninges (subarachnoid space and pia mater), which are separated from each other by an impermeable arachnoid membrane (Nabeshima, Reese, Landis, & Brightman, 1975) . Interestingly, the subarachnoid space of the leptomeninges is continuous with the perivascular space of vessels penetrating the parenchyma (Iliff et al., 2012) . Coles et al. showed in their work that trypanosomes were relatively absent from the subarachnoid space, while being present in high numbers at the dura (Coles et al., 2015; Coles, Stewart-Hutchinson, et al., 2017) . Various hypotheses for this unexpected presence are discussed in the work and are certainly relevant for the understanding of T. brucei biology and immunopathology.
| Toxoplasma gondii
Toxoplasma gondii enters the host through the intestinal mucosa from where it can colonise tissues including the brain, where it persists. This can cause severe complications in immune-compromised individuals.
Several hypotheses have been proposed as to how T. gondii accesses the brain, including paracellular migration, transcellular migration, and a "Trojan horse" mechanism whereby host cells such as leucocytes responding to the infection can aid in the dissemination of the parasite into the CNS (Courret et al., 2006; Lambert & Barragan, 2010; Lambert, Hitziger, Dellacasa, Svensson, & Barragan, 2006; Ma et al., 2014) . Using open and thinned skull windows for two-photon IVM, a novel and unexpected form of Toxoplasma entry into the CNS was found (Konradt et al., 2016) . Finally, equally relevant to various parasite infections in the brain is the induction of vascular leakage and the contribution of leakage to pathology. Although brain IVM has contributed significantly to understanding Plasmodium-induced leakage, only recently has vascular leakage induced by Toxoplasma infections been imaged in this organ (Estato et al., 2018) . This work explored the dynamics of vascular leakage including capillary changes, microglial responses, and leucocyte dynamics throughout infection. Importantly, it showed that during latent Toxoplasma infection (around Day 40 p.i.), angiogenesis is reduced and BBB permeability increases.
| CONCLUSIONS
IVM has allowed visualisation of fascinating phenomena, which may be relevant to the severe complications observed in humans; however, results arising from animal models should always be critically considered and translational aspects of research carefully evaluated for their relevance to adjunctive therapies in humans. The increased accessibility of humanised mouse models (reviewed by Minkah, Schafer, & Kappe, 2018) and xenografting techniques (Kuokkanen, Zhu, & Pollard, 2017; Salgado, Ng, Koh, Goh, & Common, 2017 ) may enable the next revolution for IVM using human-infective parasites, such as
Plasmodium falciparum, currently already in use in rodent models.
Equally relevant for the potential of IVM in the near future is that so far relatively few parasites known to cause brain pathology have been imaged in vivo. These include Schistosoma spp., Entamoeba spp., Cryptosporidium spp., Echinococcus spp., and Paragonimus spp. which have not been investigated although they also show neurological involvement. Furthermore, IVM studies exploring the pathology of fungal infections are beginning to unravel the kinetics of infection and mechanisms of pathology in the brain (reviewed by Shih, Driscoll, et al., 2012; Shih, Mateo, et al., 2012) . Using the tools and advances hereby described and given the fact that IVM has allowed us to revisit biological questions raised decades ago, the potential to investigate these parasitic infections and relevant interactions in the brain of living mouse models will clearly provide interesting new insights with potential implication for treatments. Equally, further advances in probes and imaging platforms including, for instance, the use of lattice light sheet microscopy or fluorescence correlation spectroscopy (reviewed by M.
D. White, Zhao, & Plachta, 2018) or the possibility of simultaneous multicolour imaging (Ricard & Debarbieux, 2014) 
